The purpose of the current study was to determine whether increased physical activity (PA) altered glycemic control while ingesting an energy-balanced high-fructose diet. SUBJECTS/METHODS: Twenty-two normal-weight men and women (age: 21.2 ± 0.6 years; body mass index: 22.6 ± 0.6 kg/m 2 ) participated in a randomized, cross-over design study in which they ingested an additional 75 g of fructose for 14 days while either maintaining low PA (FR+inactive) (o 4500 steps/day) or high PA (FR+active) (>12 000 steps/day). Before and following the 2-week loading period, a fructose-rich meal challenge was administered and blood was sampled at baseline and for 6 h after the meal and analyzed for glucagon-like peptide-1 (GLP-1), glucose-dependent insulinotropic peptide (GIP), c-peptide, glucose and insulin concentrations. RESULTS: Plasma insulin, glucose, c-peptide, GIP and GLP-1 concentrations significantly increased in response to the test meal on all test visits (Po 0.05). C-peptide incremental area under the curve (AUC) decreased by 10 208 ± 120 pmol/l × min for 6 h from pre to post Fr+active intervention (P = 0.02) leading to a decrease in plasma insulin total AUC (pre: 58 470.2 ± 6261.0 pmol/l; post: 49 444.3 ± 3883.0 pmol/l; P = 0.04) resulting in a decrease Δpeak[Insulin] (P = 0.009). Following the FR+active intervention, GIP total AUC significantly decreased (P = 0.005) yet only males had a lower total GLP-1 AUC after both interventions (P = 0.049). There were no sex differences in GIP levels. CONCLUSIONS: Increased PA attenuates the deleterious effects on glycemic control caused by a high-fructose diet. These changes in glycemic control with PA are associated with decreases in insulin and GIP concentrations.
INTRODUCTION
Although regular physical activity (PA) has undisputed health benefits, the majority of Americans do not meet the minimum PA guidelines 1 and there are recognized deleterious effects of low PA. 2 Previous research has suggested that postprandial glucose levels and insulin sensitivity are improved with increased levels of PA. [3] [4] [5] For aerobic exercise training, such as running and swimming, skeletal muscle myofibers take on a slow-twitch phenotype, with an increase in the levels of oxidative enzymes, glycogen and glucose transporter 4, allowing for enhanced glucose uptake into the cell. 4 Low levels of PA decrease total energy expenditure and lower plasma concentrations of lipoprotein lipase (LPL), a key enzyme responsible for the uptake of chylomicron-rich triglycerides (TGs) from the blood. 6 Unpublished data from our lab have shown that when subjects were physically inactive (~4500 steps/day) for 2 weeks, their peak TG concentrations after a high-fructose test meal were 88% higher than a high-fructose test meal performed after 2 weeks of high PA (~12 500 steps/day), possibly as a result of blunted LPL activity. Consequently, the increased TG that remain in the plasma can increase adipose tissue and skeletal muscle ectopic fats, blunting the sensitivity of insulin and decreasing glucose uptake to the cell. 7 Hence, physical inactivity may increase the potential for insulin resistance, hyperglycemia and suppression of LPL activity. 7 In addition to a lifestyle lacking PA, chronically high intakes of fructose have been linked to hyperlipidemia, visceral adiposity, hyperglycemia and decreased insulin sensitivity, leading to an increased risk for developing metabolic syndrome and type 2 diabetes. 8, 9 More specifically, the long-term consumption of fructose in healthy, overweight subjects has resulted in increased levels of glucose, insulin, 10 TGs, glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP). 11 To date, there is minimal research investigating the role of chronic fructose intake and decreased PA on glycemic homeostasis. Therefore, the purpose of the current study was to determine whether a high-fructose diet combined with differing levels of PA altered glycemic control. It was hypothesized that a diet rich in fructose (75 g/day) for 2 weeks in conjunction with decreased PA would negatively alter glycemic control, whereas a fructose-rich diet and high PA would maintain glucose control.
MATERIALS AND METHODS

Subject characteristics
Twenty-two male (n = 11) and female (n = 11) subjects between the ages of 18-25 years old were recruited to participate in the study. Inclusion criteria were as follows: participating in at least 3-4 exercise sessions per week, a body mass index of o27 kg/m 2 and a percent body fat of o23% for males and 30% for females. Exclusion criteria included suffering from any known cardiovascular disease such as hypertension and/or an abnormal lipid profile, taking lipid and/or glucose-lowering medications, antidepressants, chronic use of non-steroidal anti-inflammatory drugs (>2 × / week), daily antioxidant usage and suffering from any orthopedic limitations that may inhibit increased PA. Subjects were also excluded if they were currently ingesting more than one high-fructose corn syrup drink (>20 g) per day. The women were studied during the first 10 days of their menstrual cycle. All subjects completed an informed consent approved by the Syracuse University Institutional Review Board.
Study design
This study used a cross-over design in which all subjects consumed a highfructose diet (75 g/day) while either increasing PA to >12 000 steps/day (FR +active) or decreasing PA to o4500 steps/day (FR+inactive). A 2-week washout period occurred between the two interventions. Both interventions were preceded by and concluded with a 6-hour study day during which subjects were given a high-fructose meal test before 6 hours of metabolic testing.
Prescreening visit. After completing a medical history questionnaire, informed consent and a PA questionnaire, subjects had their height, weight and body fat (BODPOD System, Life Measurements Inc., Concorde, CA, USA) measured. A graded exercise treadmill test was employed using a protocol previously described. 12 Following this visit, subjects were instructed to participate in a 1-week control period in which they were required to wear a pedometer (Accusplit Eagle, Livermore, CA, USA) and an Accelerometer (ActiGraph, GT3X Activity Monitor, Pensacola, FL, USA) in order to collect baseline PA data. In addition, subjects recorded their diet for 3 days during the control period in order to assess baseline dietary habits.
Testing days. Subjects came to the lab at 0700 h following a 12-h fast and no exercise for the previous 24 h. A catheter was placed in their antecubital vein by a registered nurse and then subjects rested for 30 min in a supine position before obtaining two baseline blood samples (10 ml each). After baseline blood samples, a high-fructose meal test (600 kcals) was prepared for subjects with a macronutrient composition of 45% carbohydrate (25% high fructose corn syrup, 20% complex), 40% fat and 15% protein. This macronutrient composition was chosen as it was used in previous research to represent the average current American diet of 50-60% carbohydrates, 30-40% fats and 10-20% proteins. 13 Blood samples were obtained at time points − 5, 0, 5, 10, 15, 20, 30, 40, 50, 60, 75, 90, 120, 150, 180, 210, 240 and 360 min. For the duration of the test visit, subjects were instructed to sit quietly. At the end of visit one, subjects underwent a nutritional consultation with a registered dietician to ensure proper compliance with the dietary intervention and to estimate normal fructose intake. At that time, subjects were instructed to refrain from ingesting any added sugar, particularly from sweetened beverages, aside from the drinks for the intervention. Estimates of food intake during the control period and intervention period were collected periodically via food recall (United States Department of Agriculture 5-step multi-pass method) 14 and were analyzed (The Food Processor, ESHA Research, Salem, OR, USA) by a registered dietician to ensure that macronutrient and fructose levels were staying consistent throughout the intervention periods.
PA. At the end of visit one, subjects were randomized into either a physically active condition (FR+active), which required them to walk at least 12 500 steps/day for 2 weeks, or the physically inactive condition (FR +inactive), which required subjects to walk o4500 steps/day. All subjects completed both conditions. To assure compliance to the PA intervention protocol, subjects were given an accelerometer to wear throughout the 2-week intervention. Data from the accelerometer were downloaded to the computer using ActiLife 5.0 software (ActiGraph). To allow for visual feedback, subjects were also given a pedometer (Accusplit Eagle) to wear during the intervention.
Dietary intervention. During the intervention period, subjects were required to ingest two 20 oz Lemon Lime (WPOP, Wegmans Corporation, Rochester, NY, USA) drinks that were equivalent to an additional 135 g of high-fructose corn syrup (74.9 g of fructose; 60.1 g of glucose), along with their ad libitum diet periodically throughout the day. Subjects were specifically instructed to ingest the drinks throughout the day and not in one sitting. The 75 g of fructose was chosen to represent the average consumption of fructose from sugar sweetened beverages in young adults between the ages of 20-44 years of age. 8 The additional 75 g of fructose from the soft drink was equivalent to~11% of the subjects' average daily energy intake. To ensure that subjects did not increase body weight with the addition of the intervention drinks, a registered dietician counseled all subjects in making dietary adjustments in order to maintain energy balance throughout the intervention period. For instance, during the interventions, they were advised to decrease the consumption of snacks with added sugar to compensate for the increase in calories from the soft drink. Twice weekly, subjects obtained their drink supply from the Human Performance Lab and also returned their empty bottles as a measure of drink compliance. At that time, subjects were weighed to ensure weight maintenance.
Washout period. At the end of the first intervention period, subjects underwent a second testing visit following the same testing procedures as visit one, measuring metabolic and hormonal changes induced by the intervention. Upon completion of this intervention, a 2-week washout period was required in which subjects were instructed to maintain their normal activities of daily living and dietary habits. Previous research has indicated that a 2-week washout period is an adequate duration to normalize any metabolic disturbances that may have been induced by the intervention period. 15 Visit three took place immediately following the washout period and followed the procedures of visit one. After visit three, subjects participated in the 2-week intervention (FR+active or FR+inactive) that was not initially performed during the first intervention (counterbalanced, cross-over design). At the conclusion of the second intervention, subjects underwent the last testing.
Metabolic assays
Glucose. Plasma glucose levels were measured using the YSI 2300 STAT Plus Glucose & Lactate Analyzer (YSI Incoporated and Xylem Inc., Yellow Springs, Fl, USA).
Hormone assays. Blood samples were obtained and transferred to BD Vacutainer Plus Plastic EDTA tubes (Becton Dickinson, Franklin Lakes, NJ, USA), separated by centrifuging for 18 min, aliquotted into two sets of polypropylene tubes and stored at − 80°C for subsequent analysis. The following metabolites were analyzed: GIP (inter-assay coefficient of variation (CV): 3.9%; intra-assay CV: 5.9%), GLP-1(inter-assay CV: 5%; intraassay CV: 12%), insulin (inter-assay CV: 6.1%; intra-assay CV: 4%) and c-peptide (inter-assay CV: 6.5%; intra-assay CV: 3.2%) using a Luminex xMap Technology (Linco Research, St Charles, MO, USA) on a Luminex 100/200 platform (Luminex Corporation, Austin, TX, USA). All procedures followed the manufacturer's instructions (Millipore, Billerica, MA, USA) with quality controls within expected ranges for each assay.
Statistical analysis
Data were analyzed using SPSS 19.0 (IBM SPSS Statistics, Chicago, IL, USA) and all results are reported as mean ± s.e.m. Descriptive statistics and macronutrient composition were analyzed using a 2 (pre vs post) × 2 (high vs low activity) repeated measures analysis of variance to depict differences. Hormone concentrations were analyzed using analysis of variance with repeated measures to assess the changes in postprandial response: 2 (high vs low PA) × 2 (pre vs post intervention) × 18 (time points) with a between subjects gender variable. Changes in total and/or incremental area under the curve (AUC) and absolute changes in peak concentrations (peak − baseline) (Δpeak (hormone)) for all variables were determined using a 2 (low PA/high PA) × 2 (pre/post) repeated measures analysis of variance). The Bonferroni correction factor was used as a post hoc analysis to account for the increased possibility of type-I error. A priori significance was set at Po0.05. Sample size was determined using previous research from Bantle et al. 16 with the use of a statistical power (a priori 70) and sample size calculator (http://www.stat.ubc.ca/~rollin/ stats/ssize/n2.html).
RESULTS
Subject characteristics
Subject characteristics (weight, height, age, body mass index, body fat, aerobic capacity and step count) are presented in Table 1 . There were no differences in weight (kg), body mass index (kg/m 2 ), body fat (%) and VO 2max (ml/kg/min) after either intervention (P>0.05). Males had a significantly lower body mass index and % body fat (P o0.05). Baseline steps/day for all participants were 8926 ± 204. As planned, the steps per day for the FR+active intervention (range: 11 567-18 845 steps) were significantly higher than the FR+inactive intervention (range: 2774-5629 steps) for both males and females (P = 0.00). Table 2 depicts the macronutrient composition determined from the dietary logs during the baseline control period and during both interventions (The Food Processor, ESHA Research). One subject was eliminated from the dietary analysis due to fat grams that exceeded two s.d. above the mean. There were no significant differences between the total calories consumed and carbohydrates, proteins and fat grams between baseline values and the two interventions (P>0.05). Although the macronutrient breakdown was the same between baseline and the interventions, there was a significant increase in fructose consumption between baseline and the interventions (P = 0.02). The baseline diet consisted of 13.7% carbohydrates from fructose, yet the FR+active intervention consisted of 25% fructose and FR+inactive consisted of 27.5% fructose. The intervention drink consisted of an additional 74.9 g of fructose per day (500 kcal, 0 g of fat and 135 g of carbohydrates in the form of high-fructose corn syrup (74.9 g of fructose/60.1 g of glucose)).
Dietary analysis
Insulin and glucose
The fructose-rich test meal stimulated an increase in postprandial glucose and insulin concentrations on all test days (Figures 1a and b , respectively) (Po0.05). Glucose concentrations peaked at 40 min post ingestion, returning to fasting values by 120 min and then rising slightly again between 120 and 240 min (Figure 1a) , whereas insulin concentrations peaked at 15 min post ingestion and returned to fasting levels at 240 min (Figure 1b) . No changes were apparent in glucose AUC or Δpeak[Glucose] (figures not shown). A significant intervention × time interaction for insulin total AUC occurred such that the FR+active intervention decreased from pre (58 470 ± 6267 pmol/l × min for 6 h) to post (49 444 ± 3883 pmol/l × min for 6 h) intervention, whereas there was no change after the FR+inactive intervention (pre: 53 005 ± 5426 pmol/l × min for 6 h; post: 53 292 ± 5479 pmol/l × min for 6 h) (P = 0.04) (Figure 1c ). In addition, the Δpeak [Insulin] decreased after the FR+active intervention but increased after FR+inactive intervention (P o 0.05) (Figure 1d ).
C-peptide Similar to glucose and insulin, c-peptide levels increased significantly in response to the test meal (P = 0.00) (Figure 2a) . Moreover, the c-peptide incremental AUC for the FR+active intervention decreased by 10 208 ± 3300 pmol/l × min for 6 h from pre to post intervention, whereas c-peptide levels increased by 16 230 ± 4501 pmol/l × min for 6 h with the FR+inactive intervention (P = 0.04) (Figure 2b ). As a measure of β-cell function, the ratio of Δ[C-peptide] (30 min − 0 min)/ΔGlucose (30 min − 0 min) was calculated. There were no changes in β-cell function with the interventions (data not shown).
GLP-1
There were two subjects eliminated from the 22 subjects due to undetectable ranges, therefore GLP-1 and GIP values are based on an N = 20. GLP-1 concentrations demonstrated a significant main effect of time in response to the test meal (Po 0.05), which was reflected by a decrease during the last 3 h (Figure 3a ). There was a Fructose-induced glycemic response to activity AJ Bidwell et al significant gender × time (pre/post) interaction such that GLP-1 total AUC in females increased from 13 509 ± 2488 pg/ml × min for 6 h to 14 829 ± 2357 pg/ml × min for 6 h after intervention, yet males decreased from 13 328 ± 1967 pg/ml × min for 6 h to 10 877 ± 1863 pg/ml × min for 6 h, regardless of the intervention (P = 0.049) (Figure 3b) . No changes were evident in peak GLP-1 concentrations.
GIP GIP concentrations demonstrated a significant time effect over the course of the meal (P = 0.00). GIP increased for the first 75 min postprandially, followed by a decrease over the next 4.5 h in all meal tests (Figure 4a ). Following the FR+active intervention, there was a significant interaction between the intervention and the test meals (P = 0.047). Incremental GIP AUC decreased by 5603 ± 921 × min for 6 h pg/ml from pre to post FR+active, whereas GIP AUC increased by 3231 ± 657 × min for 6 h pg/ml following the FR+inactive intervention (Figure 4b , P = 0.047).
DISCUSSION
The purpose of the current study was to determine whether decreased PA altered glycemic control while ingesting an energybalanced high-fructose diet. Although previous studies have already elucidated that chronic fructose consumption over the long-term negatively alters glycemic control, 8, 9, 13 this was the first study, to our knowledge, to demonstrate that increased PA attenuates the deleterious hormonal changes associated with a fructose-rich diet. Despite no changes in glucose levels, increased PA elicited decreased insulin secretion (c-peptide levels) and plasma insulin concentrations while maintaining a high-fructose diet. Paralleling the changes in insulin secretion was a decrease in GIP levels with increased PA, yet no changes in GLP-1 concentrations were evident. This study demonstrated that high PA conferred protection from poor dietary habits by minimizing the susceptibility to glucose intolerance and insulin resistance.
Modifying PA levels in the present study did not alter the glucose concentrations to the meal test. In contrast, however, increased PA decreased insulin secretion (c-peptide concentrations) by 27%, leading to a 15% decrease in plasma insulin concentrations after the FR+active intervention. Although c-peptide and insulin are released from the pancreas in a 1:1 ratio, 50% of insulin secreted is removed on first pass by the liver before reaching circulation, 16 therefore the lower plasma insulin concentrations, compared with the c-peptide levels, were expected.
Stephens et al. 17 demonstrated a 19% increase in plasma insulin concentrations, with no changes in plasma glucose concentrations after subjects remained sedentary during a 24-hour period. These researchers speculated that changes in insulin action without a corresponding change in glucose concentration may have been caused by changes in β-cell function. In the current study, we observed no changes in β-cell function but did find increases in peak postprandial c-peptide concentrations (43%) after the inactive period. It is possible that, with a longer period of inactivity and poor dietary habits, elevations in glucose levels may occur via mechanisms that were not measured in this study, such as decreased muscular glucose uptake from altered insulin sensitivity. 17 Consequently, being physically inactive while maintaining a diet rich in fructose can alter the hormones associated with glycemic control such as GIP, c-peptide and insulin.
Moreover, peak insulin concentrations occurred sooner than the peak glucose levels. In a healthy, adult population, insulin levels are expected to peak~15 min after peak glucose concentrations; 18 however, in the current study, insulin levels peaked before those of glucose. The healthy, active population that was studied may explain this phenomenon as research has demonstrated that active individuals have an increased incretin-stimulated insulin response. 19 Therefore, we speculate that the increased peak insulin concentrations, before the peak glucose concentrations, occurred as a result of insulin being potentiated by the incretin hormones.
Periods of inactivity are known to decrease LPL activity, 1 and this suppressed LPL may possibly contribute to changes in insulin concentrations during inactivity. 8 Although LPL activity was not specifically studied in the current investigation, insulin action can be decreased by as much as 18% after 1-day of physical inactivity due to decreased LPL activity. 17 The decreased appearance of LPL during periods of inactivity suppresses the uptake and utilization of plasma TG, resulting in increased ectopic fats. 20 In other data from this same project, increased peak postprandial TG concentrations (84%) and very low-density lipoproteins (88%) were observed within 2 weeks after physical inactivity, whereas no changes were evident in TG and very-low density lipoproteins after increased PA (data not shown). Similarly, research performed in rats has shown that fatty acid uptake into fat cells and muscles cells is significantly increased after periods of low PA. 19 Excessive consumption of fructose-rich foods seems to favor hyperinsulinemia and de novo lipogenesis, hence, PA is an important component of decreasing deleterious effects of poor dietary choices by improving hyperinsulinemia. 20 In the current study, a high-fructose diet was used to induce a lipogenic state in order to determine whether increased PA can combat such poor lifestyle choices. A high-fructose diet has been linked to increased TG formation as a result of increased fructoseinduced hepatic de novo lipogenesis, 13 which synthesizes fatty acids into TG. Thus, the combination of a fructose-rich diet, which increases plasma lipids, 13 and low PA, which decreases LPL activity, 21 may modify insulin sensitivity. Over an extended period of time, ingesting a diet high in fructose while maintaining a sedentary lifestyle may lead to insulin resistance.
One novel finding of the current study was the GIP response to increased PA. The decrease in GIP levels mirrors the changes in c-peptide levels such that both hormones decreased with PA and increased with physical inactivity. These data suggest that the changes in the insulin response to the meal test after increased PA may not only be due to changes in insulin sensitivity 22 but may also be mediated by alterations in GIP secretion. Similarly, previous research by Kelly et al. 3 and Solomon et al. 23 noted that increased long-term PA, in conjunction with a hypo-caloric diet, suppressed the GIP-induced insulin secretion from pancreatic cells, suggesting that increased PA relieves β-cell stress by inducing changes in β cells and k cells, helping to restore normal incretin function. 3, 23 Kelly et al. 3 suggested that the decreased GIP levels found in their study were a result of weight loss induced by the hypocaloric diet in combination with exercise; however, in the present study, the subjects maintained their weight throughout the interventions. These results indicate that other mechanisms must be mediating the decreased GIP response in the physically active intervention other than a change in weight. Further, O'Conner et al. 24 has shown an attenuation of GIP levels after a glucose load in exercise-trained individuals, and reported that this was a result of cellular changes within the β cells of the pancreas and the k cells of the intestine. 24 Interestingly, however, fructose seems to augment the GIP release from k cells. 25 Mazzaferri et al. 25 have revealed that high levels of sucrose, which is made up of 50% fructose, over-activates the k cells of the intestine, subsequently leading to increased GIP-induced insulin secretion from the pancreas. Hence, although a high-fructose diet has been reported to increase GIP response to a test meal, 25 during periods of high PA, the increased insulin sensitivity resulting from exercise decreased the need for GIP-induced insulin secretion, yet the identification of the specific mechanism could not be accomplished in the current study.
Unlike GIP levels, GLP-1 concentrations did not respond to the PA loading or unloading. The lack of significance may have occurred owing to the smaller sample size used for the GLP-1 analysis or that GLP-1 may not be as sensitive to changes in PA as GIP. Furthermore, the gender differences that were detected with GLP-1 concentrations may have altered the findings. Previous research has noted higher GLP-1 AUC in females compared with males, possibly because of the higher percentage of body fat in women. 26 We observed gender differences following the meal test, with the males showing an 18% decrease in GLP-1 AUC following both the interventions, whereas females demonstrated an increased GLP-1 AUC (9%) following the interventions. Gender differences have also been reported in other peptides such as resistin, adiponectin and leptin and may be related to increased percent body fat but also may be related to differences in sex steroids. 26 In many of the previous PA studies, caloric intake is not carefully monitored 23 resulting in the subjects being in a state of positive or negative energy balance. A strength of the current study was that, although sugar intake increased from baseline to the intervention period due to the increase in soda consumption, energy balance was maintained throughout the intervention period; hence, we can attribute the changes observed in insulin action to the decreased PA and not to an energy deficit. Moreover, the ad libitum diet did not alter such response as the dietary intake of the subjects did not differ from the 1-week baseline control period. Although energy balance was maintained, increased plasma TG concentrations from the low-PA and high-fructose diet (unpublished data) may have contributed to the elevated insulin concentrations by negatively affecting cell signaling associated with insulin receptors. 23 The changes observed in insulin secretion (c-peptide levels) may have occurred to counteract these changes. In the long term, the disruption in insulin cell signaling resulting from elevated TG's may cause decreased glucose uptake into the cell, possibly inducing a hyperinsulinemic state if not balanced with increased PA.
As with all human research, there were strengths and limitations to this study. A major strength of the current study was that subjects participated in an ad libitum diet in which there were no weight changes, suggesting that subjects were in energy balance. This is in contrast to a previous study 13 in which weight gain occurred while subjects were on a high-fructose, ad libitum diet, confounding the interpretation of their findings. The weight maintenance observed in the present study allows us to conclude with confidence that the changes observed in glycemic control and insulin secretion were due to the changes in PA levels and not in weight changes. Moreover, the inclusion of both males and females in our study demonstrated that gender appears to have a role in the GLP-1 response to PA and fructose consumption, but not in those of other metabolic hormones. A limitation of the study was that there was no control group that was not given a high-fructose diet during the intervention. A non-fructose control group was not used due to the significant amount of research that has already been conducted on the adverse metabolic and hormonal effects of a diet high in fructose. [8] [9] [10] 13 In conclusion, our findings demonstrated that increased PA conferred protection from fructose loading. Increased PA attenuated fructose-induced GIP release and may have a subtle impact on β-cell function with the resultant effect of a decreased insulin secretion in the face of no change in glucose level. Consequently, physical inactivity combined with chronic long-term intake of fructose could cause an increase in deleterious risk factors associated with insulin resistance. Moreover, GLP-1 responses to changes in PA seem to be gender dependent and further research is needed in this area.
